The scope of this chapter is to get deeper insight into the correlation between synthesis parameters and magnetic behavior of the nanocomposite materials containing hematite (α-Fe 2 O 3 ) nanoparticles. Potential applications of nanohematite in biomedicine are listed in the short overview. Then, basic requirements necessary for synthesis of high-quality nanoparticles for biomedical application are summarized. The next part of the chapter is devoted to the sol-gel synthesis that is recognized as suitable for preparation of the nanocomposite materials containing α-Fe 2 O 3 nanoparticles. Having in mind that sol-gel method considers preparation of hematite nanoparticles via Fe 2 O 3 phase transformations initiated by thermal treatment at high temperatures, coexistence of the other iron oxides (such as ε-Fe 2 O 3 ) with α-Fe 2 O 3 phase is commented. Special attention is paid on mechanism of the critical field (which is in literature usually denoted as coercivity field) alterations. Diffraction patterns and hysteresis measurements of the chosen samples containing hematite nanoparticles in the silica matrix are represented. Finally, variations in the observed measured critical field values are discussed.
Introduction
Hematite (α-Fe 2 O 3 ) has been thoroughly investigated during the centuries, since it is one of the most abundant minerals in the earth's crust: on the surface as well as at the bottom of the sea [1, 2] . From the beginning of its discovery to the present days, α-Fe 2 O 3 gained attention of the scientific community due to its magneto-structural properties, high resistance to corrosion, easy accessibility, wide distribution in natural environment, and biocompatibility. Accordingly, α-Fe 2 O 3 is recognized as a material of significance in different scientific areas [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The usage of hematite in conventional biomedicine has been enabled by the breakthrough and development of the nanoscience. Progress in this field is achieved by detailed research of iron oxide polymorphs' physical and chemical properties on the nanoscale. Properties of nm-sized particles are significantly differed from their bulk counterparts due to various nano-size-related effects, appeared as a consequence of the changed ratio of surface and volume atoms. Approaching nanometer dimensions, the ratio of the surface atoms in the overall nanoparticle volume drastically increased by decreasing particle size, favoring the role of the surface effects in the characteristic behavior of the nanoparticles.
Although the most attention in this chapter will be paid to magnetic properties of hematite nanoparticles, it is important to mention that overall behavior of nano-hematite is characterized by its electromagnetic response which determined biomedical application of nanoparticles. Due to coupling between nano-hematite electrical and magnetic fields, it is clear that electrical properties are contributing to the final hematite application as well as magnetic properties. Noteworthy, difference between conductivity of bulk and nano-hematite widespread biomedical application of this iron oxide polymorph application. According to the analysis of the density of electronic states, the bulk hematite showed the charge-transfer insulator nature [13] . Differed from bulk hematite, nano-hematite is an n-type semiconductor, with a bandgap of ~2.2 eV [14] . Consequently, the increase in conductivity enables the extended application of nano-hematite in different biomedical areas, such as transfer of electrical signals in biosensors, tissue engineering, neural probes, drug delivery, or diagnosis, and therapy of human diseases [15] .
On the other hand, transition from bulk to nano dimensions resulted in the significant change of its magnetic behavior. Magnetic behavior of bulk hematite is determined by Neel temperature (T N ) (~950 K) and Morin temperature (T M ) (~260 K) that represent the temperatures upon which the hematite magnetic ordering is changed. Above T N , hematite is characterized by paramagnetic structure. In the temperature range between T N and T M , hematite showed a weak ferromagnetic ordering, while under T M it is antiferromagnetic [16] . Hematite magnetic configurations are defined by the magnetic interactions (magnetic ordering of bulk materials is mostly influenced by the exchange interaction) [17] .
Magnetic structure of bulk hematite is represented by different regions of a macroscopic system broken symmetry in different ways, the so-called domains. Domains present small regions within each of which the local magnetization achieves the saturation value [17] , while interface between the adjacent regions presents the domain wall. The processes of magnetization and demagnetization of materials occurred through the movement of the domain walls and change of the domain boundaries, consequently bringing to the increase/decrease of a domain size.
From the aspect of magnetic interactions, decrease of the particle size revealed a dominant role of dipole-dipole interactions in the ordering of nanoparticles' magnetic moments, which is negligible in the case of bulk hematite, since magnetic moment of bulk magnetic material is significantly lower than the moment of the nanoparticle [17] . To get a better insight in the changes in the strength ratio of bulk and nano-magnetic interactions that are responsible for maintaining of long-term ordering of magnetic moments, it is important to understand the origin of the increase in the value of nanoparticle magnetic moment. The increase of magnetic moment occurred as a consequence of lowering dimensionality of bulk materials and has been explained by the absence of multi-domain structure and appearance of single-domain nanoparticle structure. The balance between the anisotropy and exchange energies is required for formation of finite-size domain walls [18] , resulting in the presence of some critical diameter size, below which nanoparticle is single-domain [18] , Eq. (1):
where J ab is the exchange integral, K a is the anisotropy constant, and M s is the saturation magnetization.
Noteworthy, macroscopic magnetic properties of nanoparticles are mostly influenced by Zeeman energy, thermal energy, and anisotropy energy. The relations of mentioned energies [19] enable the appearance of a new magnetic state in nanomaterials, characterized by a presence of single-domain particles-superparamagnetic nanoparticles. The main characteristic of superparamagnetic nanoparticle system is the absence of coercivity and remanence at room temperature, which enables the application of magnetic properties of nano-hematite in biomedicine.
Considering the fact that nanomaterials possesses high surface-to-volume ratio and increased surface activity [11] , it is obvious that hematite nanoparticles show various magnetic behavior dependent on the size and shape of the particles [12, 20] . Also, it is important to notice that observation of dependence of magnetic or electric properties of nano-hematite on synthesis conditions is enabled by the change of particle size, carrier density (that is dependent on the particle size), domain size, and structure of the synthesized nanoparticles. Furthermore, alteration of synthesis conditions enabled tailoring of their magneto-structural properties and a variety of new applications.
When we are dealing with potential usage of nano-hematite particles in biomedicine, it should be emphasized that biomedical application requires utilization of nanocomposite materials. For preparation of nanocomposites containing α-Fe 2 O 3 nanoparticles convenient for this purpose, silica is recognized as a suitable material.
In order to get deeper insight in the magnetic behavior of the nanocomposites, samples that contained hematite nanoparticles in silica matrix are often prepared by sol-gel method that involves formation of hematite nanoparticles by the phase transformations of the Fe 2 O 3 polymorph (maghemite (γ-Fe 2 O 3 ) and epsilon phases (ε-Fe 2 O 3 )). Due to the presence of particle size distribution in the nanomaterials, special attention should be addressed to the problem of coexistence of different iron oxide species within the silica matrix.
Usually the goal of the synthesis is the preparation of the samples characterized by high purity, containing only one iron oxide phase. In some cases the usage of precisely one phase of the iron oxide polymorph is not of crucial importance. For example, magnetite and maghemite nanoparticles are characterized by similar magneto-structural properties and thus could be used together for the preparation of the magnetic ferrofluids. Noteworthy, synthesis of the nanocomposite materials containing this type of iron oxide nanoparticles is so common in literature that the scientific community accepted the abbreviation "SPION" (superparamagnetic iron oxide nanoparticles) to describe spinel iron oxide species [21, 22] .
Comparing the magnetic behavior of hematite nanoparticles with the magnetic properties of the other iron oxides (spinel or epsilon phase), it is certain that α-Fe 2 O 3 cannot be used together with spinel phases due to very different magnetic properties. On the other side, at the moment it is not possible to claim with certainty whether it could be used together with the epsilon phase or not. This is a consequence of the insufficient knowledge about magnetic properties of these two iron oxide phases. Literature data revealed that pure hematite nanoparticles are characterized by the intrinsic coercivity field (H ci ) value of 1.7 kOe [23] , although nano-sized α-Fe 2 O 3 in silica matrix can achieve coercivity of 4.3 kOe [24] . Under the certain size limit, hematite nanoparticles showed superparamagnetic (SPM) behavior [12] . The presence of the other ions significantly alters hematite coercivity. Even bulk hematite doped with alumina ions reached coercivity of >8 kOe [25] . It is similar with the lack of the knowledge regarding epsilon H c value: dependent on the synthesis conditions, epsilon nanoparticles showed different coercivity. This phase is characterized by high room temperature coercivity (10-20 kOe) [26, 27] . Nevertheless, some literature reports depicted the lowered epsilon H c value (8 or 2.4 kOe [28, 29] ). As well, epsilon nanoparticles could be prepared in order to display SPM behavior [30] . Although hematite nanoparticles cannot achieve coercivity of 10-20 kOe, there is a certain interval of H ci values during which the hematite and epsilon phase coercivities could overlap. Likewise, it is important to point out that coercivity of the samples containing both phases, hematite and epsilon, significantly varies dependent on the synthesis conditions.
The aim of this chapter was to examine in more detail the correlation between synthesis parameters and magnetic properties of nanocomposites containing pure hematite phase or hematite phase in combination with the SPM epsilon phase. A better insight in the measured magnetic field (which is in literature usually denoted as coercivity field) variations dependence on the synthesis conditions is of importance for improvement of the current efforts in understanding of the magnetic properties of hematite phase. Also, some difficulties inherent in studying influence of the variation of synthesis conditions onto the magnetic behavior of the examined samples are highlighted. Results summarized in this chapter could facilitate application of nano-hematite in biomedicine.
Overview of nano-hematite applications in biomedicine
Plenty of synthesis pathways for production of the nano-hematite enabled formation of hematite nanoparticles characterized by different properties, which determine their application. There are a lot of reasons for a biomedical application of nano-sized α-Fe 2 O 3 : low cost, long-term chemical stability, and nontoxicity. Up until today, nano-hematite is mostly used as a starting material for preparation of multifunctional nanocomposite particles that found application in different areas of biomedicine. In order to obtain appropriate candidate for biomedical application, nanocomposite materials containing hematite nanoparticles are prepared by a few steps of synthesis procedures.
Some of the biomedical applications of α-Fe 2 O 3 nanoparticles are listed below. Nano-hematite could be used as a starting material for the synthesis of platforms, presenting promising functional nanomaterials for drug delivery and hyperthermia treatments. Liu et al. synthesized α-Fe 2 O 3 nanoparticles by hydrothermal method [31] . Particles were further coated with a nonporous silica (Fe 2 O 3 @ SiO 2 ) and subsequently treated with an organosilicate-incorporated silica by simultaneous sol-gel polymerization of tetraethoxysilane (TEOS) and n-octadecyltrimethoxysilane (C 18 TMS). Final step of the synthesis considered reduction of the hematite cores to magnetite. Obtained nanocomposite platforms are used as smarttargeted drug delivery materials for further in vivo evaluation of cancer therapies [31] . Another application of the platforms based on the usage of nano-hematite as a starting material is considered a preparation of asymmetric hematite-silica nanocomposites (JFSNs) as multifunctional peroxidase mimetics that found application in glucose colorimetric biosensing [32] .
On the other hand, a combination of mesoporous nano-hematite with carbon quantum dots enabled preparation of the nanomaterial that showed promising properties for the application in visible photo-light photocatalysis [33] . Due to very good photocatalytic properties, excellent biocompatibility, and high chemical stability, carbon quantum dots/mesoporous hematite nanocomposites could be used in numerous biomedical applications, such as photodynamic therapy for cancer treatment, drug delivery systems, cell imaging, biosensors for biological assay, and genetic engineering [34] . Mirzaei et al. investigated the usage of materials consisting nano-hematite in biosensor technologies [35] . Nanocomposite material was prepared by Pechini solgel method that involved the formation of a complex between hematite nanoparticles and citric acid, followed by an esterification reaction with ethylene glycol. Since hematite nanoparticles are displaying good electrical and sensing stability, nanocomposite material is used as a highly stable and selective biochemical sensor for detection of ethanol and monitoring alcohol consumption [35, 36] . Another biosensing application of hematite nanoparticles denoted the application of anodization method that enables synthesis of highly ordered hematite nanotube array on a patterned SiO 2 /Si substrate. Prepared nanomaterial showed an excellent selectivity and ppb-level detection limits toward acetone, depicting its promising application for breath analyzers to diagnose diabetes mellitus [37] . As well, nano-hematite is recognized as a suitable material for magnetically assisted binding assays (measurement of the concentration or potency of a substance by its effect on living cells or tissues) performed by using magnetically labeled binding members [38] .
It is important to notice that SPM hematite nanoparticles also could be utilized for biomedical applications, in fabrication of biomolecular sensor system, used for detection of intravenously introduced nanoparticles. Litvinov showed that α-Fe 2 O 3 nanoparticles could be used as magnetoresistive nanosensors designed for sensing biomolecule-conjugated nanoparticles (different targets could be detected, such as cell surface receptor, protein, nucleic acid, mRNA, genomic DNA, etc.) [37] .
Recent scientific work on α-Fe 2 O 3 revealed a potential application of hematite nanoparticles in genotyping, since results of scientific investigation confirmed the presence of interaction between appreciably high concentration of hematite nanoparticles and drying pattern of a sessile droplet of genomic deoxyribonucleic acid (DNA) [38] .
Prerequisite conditions for preparation of high-quality nano-hematite particles
An important step in the usage of materials that contained nano-hematite in biomedical application presents synthesis of high-quality nano-hematite particles and high control of its magnetic behavior. To use hematite nanoparticles in biomedical purposes, it is necessary first to modify the surface of nano-hematite.
The nanoparticle surface presents a key factor that determines biocompatibility and enables cell adhesion of the particle injected in the human body. Accordingly, the surface of the nano-hematite particles, predetermined for biomedical application, has to meet few basic requirements:
1. Biocompatibility: non-toxicity for human organism is prerequisite for the application in biomedicine.
2. Monodispersity: uniform nanoparticle size and shape minimized interparticle interactions and agglomeration. This task is not completely overcome up until today, due to the presence of the particle size and shape distribution. For that reason, different synthesis strategies are employed with the aim to improve the knowledge regarding achieving nanoparticles' monodispersity [39, 40] . Reaching monodispersity would allow improvement of the control of magnetic behavior of the overall sample.
3. Functionalization: particles should possess high efficiency for binding target molecules, and non-specific binding should be avoided. In order to ensure the listed requirements, hematite nanoparticles for application in biomedicine are coated by biocompatible materials (usually with silica, although different materials, such as dextran or citric acid, also could be applied [41] [42] [43] [44] ) and then further functionalized by attaching groups on the surface (different antibodies, oligonucleotides, or peptide ligands, depending on the desired application [45] [46] [47] ) via various chemical methods [48] [49] [50] [51] [52] . An alternative way for production of suitable nanocomposites presents performing core-shell strategy or encapsulation of the particles in a silica matrix.
Sol-gel synthesis
In order to better examine the magnetic behavior of the hematite nanoparticles that could be used as a starting material for different biomedical applications, nanocomposite materials based on hematite are often prepared by sol-gel method. From the point of view of correlation of the synthesis conditions with characteristics of the investigated nanomaterial, this synthesis method is of great significance.
Advantages of this type of synthesis are low price of the chemicals, gelation process under ambient conditions, as well as possibility of the synthesis of very small nanoparticles (~1 nm) [53] . Basic compounds used in the sol-gel synthesis are iron ion precursor, silica ion precursor (tetraethyl orthosilicate, TEOS, or tetramethyl orthosilicate, TMOS), water, and the compound miscible with (mutually nonmiscible) alkoxide precursor and water (ethanol or methanol, depending on the usage of TEOS or TMOS, respectively).
Mechanism of the sol-gel synthesis contains few stages. The first stage consisted nucleation of the Fe 2 O 3 and SiO 2 nanoparticles during the hydrolysis of TEOS. Reactions of condensation and polycondensation occurred during the mixing solution and resulted in the nanoparticle growth through the process of Ostwald ripening [53] . Mentioned processes occur at room temperature, conditioning the usage of catalyst, which initiates the changes in the structure and properties of the resulting material. The aging of the prepared sol enables its conversion into gel, which presents the second important stage, followed by drying of the gel (third stage), and subsequently annealing treatment (fourth stage). During the annealing process, Ostwald growth at higher temperatures initiated phase transformation of the iron oxide nanoparticles and finished with the formation of the most stable phase-α-Fe 2 O 3 phase. The presence of the porous, nonmagnetic matrix enables minimization of the nanoparticle interaction and enables the control of the particles size [53] .
Synthesis factors of importance for every stage of the sol-gel synthesis are the choice/ratio of the precursors and pH. The influence of the variation of the synthesis conditions onto the properties of the final synthesis product is still not sufficiently investigated. What is known from the literature is that the influence of pH is reflected in the defining of the pore size. Base-catalyzed sol-gel synthesis conditioned slow hydrolysis of the alkoxide precursor and fast condensation. Final matrix pores are determined by the sizes from 2 to 50 nm [54] . In contrary, acid-catalyzed sol-gel synthesis favors rapid hydrolysis, consequently bringing to the formation of a huge number of small SiO 2 nuclei. The obtained gel consisted of the pores, with the size less than 2 nm [54] . This is explained by the influence of the hydrolysis and condensation rate on the formation of different polymers: base catalysis enabled formation of the longer, branched polymers, while acid catalysis resulted in the formation of linear polymers [55, 56] . Consequently, auto-, acid-, or base-catalyzed sol-gel syntheses could be used for the preparation of the α-Fe 2 O 3 / SiO 2 nanocomposite, significantly different in its properties. 
Coercivity of the composite nanomaterials
If someone needs to get a better insight in the biomedical application of nanocomposite materials based on hematite, it is important to understand in detail synthesis, reaction mechanism, and correlation between synthesis conditions and properties of prepared samples containing nano-hematite particles. Some basic magnetic properties of nano-hematite phase are not well-established up until today, which complicate its biomedical application. From a fundamental point of view, the understanding of coercivity behavior is of great importance because coercivity presents magnetic property that significantly influences and determines application of the investigated nanomaterial.
An obstacle in a determination of the precise coercivity value of nanocomposite materials consisting hematite nanoparticles presents often occurrence of the intermediate iron oxide phase-epsilon phase (ε-Fe 2 O 3 ) that is obtained during the synthesis of high-temperature hematite phase, by sol-gel method. ε-Fe 2 O 3 polymorph is formed in the course of Fe 3 O 4 /γ-Fe 2 O 3 → α-Fe 2 O 3 structural transformation and often coexisted concomitantly with the α-Fe 2 O 3 phase. The situation is additionally complicated by the inability to clearly separate a temperature range during which pure hematite or epsilon phase is formed. Pure hematite phase could be synthesized by various synthesis approaches at different temperatures up to 1100°C, while the epsilon phase is obtained only by sol-gel method and still is not prepared pure.
Having in mind that the behavior of α-Fe 2 O 3 and ε-Fe 2 O 3 phases is still not properly understood, the primary question regarding H ci value of nanocomposite materials containing hematite nanoparticles becomes: what is the difference between the mechanism of the coercivity field variations of the nano-hematite and nano-epsilon phase, since both of these phases could be characterized by coercivity field value ranging from zero to few thousand Oe?
To answer this question, more detailed scientific research should be performed. The correlation between H ci value and material microstructure is not sufficiently understood neither for bulk nor for nanomaterials [57] . Intrinsic coercivity field presents a reverse field required to reduce the magnetization (M) from the remnant magnetization (M r ) again to zero. The main problem in interpretation of the intrinsic coercivity field value is that the field measured by magnetic devices is not the coercivity field, but some critical field influenced by the magnetic interactions [57]:
When we deal with attempts to understand the origin of the coercivity field variations in nano-sized samples, of big importance is the independent analysis of the H crit and H ci values, which is difficult, since consensus about the factors that influence H int and H ci still is not achieved in the scientific community and presents a problem that should be overcome in the future.
The correlation between synthesis conditions and H ci value occurred through the competition of different parameters, which influence and contribute in the different measure of the final H crit and H ci values. The mathematical expression that would describe dependence of H crit on different parameters which influenced the coercivity field value has yet to be found, but roughly, it can be expressed as a function of different parameters (denoted according to the Greek alphabet) [Eq. (3)] [58] : f. An interplay between different inter-and intra-particle interactions in the nanoparticle system (parameter η)
g. Nanoparticle structural defects (denoted as parameter θ)
h. Anisotropy field (parameter ι)
i. Surface effects (κ)
In the next section, the impact of the parameters α and β on the measured magnetic field, that is in literature labeled as coercivity field, of the synthesized nanocomposite materials will be considered. X-ray diffraction and hysteretic measurements were performed in order to investigate the influence of the variation of synthesis parameters onto the formation of hematite phase as well as on the measured magnetic field value of the samples containing the pure hematite phase and hematite phase (as a dominant phase) in combination with the epsilon phase (appeared in traces). Few examples of the peculiar H crit behavior of the investigated samples will be represented.
α-Fe 2 O 3 nanoparticles prepared by auto-, acid-, and base-catalyzed sol-gel syntheses
In the following part, synthesis of the samples prepared by auto-, acid-, and base-catalyzed sol-gel methods will be described in detail. X-ray diffraction patterns and hysteretic measurements recorded at 200 K are shown. X-ray diffraction intensity is normalized. In the entire text, the value of the magnetization (M) is normalized so that M s = 1. The normalized values of magnetization were introduced in order to avoid uncertainty in the estimation of the magnetization expressed in emu/g. Having in mind that H crit presents magnetic field measured by magnetometer, H crit will be labeled as H meas in the figures of hysteresis.
Nano-hematite-based materials prepared by auto-catalyzed sol-gel synthesis
The auto-catalyzed sol-gel synthesis implied the dissolving of iron (III) nitrate nonahydrate (Fe(NO 3 ) 3 × 9H 2 O) in water in molar ratio 0.013:1 (catalyst solution), while mixing of tetraethyl orthosilicate (TEOS), ethanol (C 2 H 5 OH), and water in molar proportion 1:12:12 enabled formation of alkoxide solution [59] . Solutions were mixed and stirred at room temperature. Gelation occurred during 36 days, afterward alcogel was dried for 5h at room temperature. Thermal treatment is performed in two ways. Alcogel is annealed in the air atmosphere for 3 h at 1050 and 1060°C as well as at 1050°C for 25 h. Investigated samples contained α-Fe 2 O 3 as a dominant phase and smaller amount of the ε-Fe 2 O 3 phase. Variation of the annealing conditions enables observation of the changes in the H crit of the prepared samples, which is in detail discussed in Ref. [59] .
Variation of the sol-gel synthesis conditions: alteration of the annealing conditions (temperature and time)
Diffraction pattern of the alcogel annealed at 1050°C for 3 h is presented in Figure 1(a) [59] .
Hematite nanocrystallites (JCPDS card no.: 72-469) are observed as a dominant phase, while α-Fe 2 O 3 phase (JCPDS card no.: 16-653) is presented in small amount. Figure 2 presents hysteresis of the same sample [59] . Although the sample showed a higher amount of the α-Fe 2 O 3 phase, measured critical field achieved a value characteristic for ε-Fe 2 O 3 phase: 14.1 kOe (Figure 2) [59] .
The increase of the annealing temperature for only 10°C (T ann = 1060°C, t ann = 3 h) resulted in the sharp decrease of H meas (2300 Oe), which is shown in Figure 2(a) [59] .
Observed behavior of measured critical field of the sample has been attributed to the completion of an ε-Fe 2 O 3 → α-Fe 2 O 3 phase transformation [59] ; thus the presence of the only one phase-α-Fe 2 O 3 phase-at 1060°C would be expected. With the aim to check the concluded remark regarding the completion of ε-Fe 2 O 3 → α-Fe 2 O 3 phase transformation at depicted temperature, investigation presented in Ref. [59] is continued by measuring the diffraction pattern of the sample annealed at 1060°C 3 h. Diffraction measurement (Figure 2(b) ) revealed that, although the value of 2300 Oe could be characteristic for nano-sized α-Fe 2 O 3 samples [24, 59] , an investigated sample still contained the ε-Fe 2 O 3 phase, although represented in the smaller amount than the sample annealed at 1050°C (Figure 1(a) ).
On the other hand, published data reported more pronounced sharp decrease in H meas value (600 Oe) for the sample performed to annealing at 1050°C for 25 h (Figure 3(a) ). In order to confirm the completion of the ε-Fe 2 O 3 to α-Fe 2 O 3 phase transformation under these annealing conditions [59] , investigation was continued by the measuring diffraction pattern of the mentioned sample (Figure 3(b) ).
Figure 1.
Sample annealed at 1050°C for 3 h (a) diffraction pattern; (b) hysteretic curves [59] .
In spite of a very long annealing treatment (25 h), the traces of the epsilon phase is still presented (2θ = 30.25°) at the diffraction pattern presented in Figure 3(b) , although H meas was very low for the epsilon phase, 600 Oe (Figure 3(a) ).
Observed results pointed to the often mistakes in the scientific literature, where is sharp decrease in the measured magnetic field (H meas ) of the samples containing hematite and epsilon phases attributed to the finish of the ε-Fe 2 O 3 → α-Fe 2 O 3 phase transformation. In other words, vanishing of the huge value of the measured field (which is in the articles denoted as Hc) of the probed samples is obviously not a conclusive evidence that is pointing to the absence of epsilon phase in the sample and which could confirms completion of the ε-Fe 2 O 3 → α-Fe 2 O 3 transformation.
Variation of the sol-gel synthesis conditions: alteration of the iron precursor initial amount
Further research of the variation of the sol-gel synthesis parameters directed the investigation in the course of altering of the amount of the iron precursor, Fe(NO 3 ) 3 ·9H 2 O. The sample is synthesized by the identical auto-catalyzed sol-gel procedure used for the preparation of the former discussed samples, with the only difference that the molar ratio of Fe(NO 3 ) 3 ·9H 2 O and water was 0.017:1 [60] . Alcogel is annealed at 1030°C for 3 h in the air atmosphere. Diffraction pattern is shown in Figure 4(a) [60] . 4(a) and 1(a) pointed to pronounced similarities between phase compositions of the investigated samples. Surprisingly, hysteretic measurements revealed that, in spite of nearly the Preparation and Characterization of Fe 2 O 3 -SiO 2 Nanocomposite for Biomedical Application DOI: http://dx.doi.org /10.5772/intechopen.81926 same diffraction patterns, the examined sample showed significantly lower value of measured magnetic field, 7.5 kOe [60] . Deeper analysis, that is out of the objective of this chapter but in detail explained elsewhere [60] , showed that the origin of the H meas value variations occurred as a consequence of the increased amount of the SPM nanoparticles within the investigated sample [60] .
Variation of the sol-gel synthesis conditions: alteration of the iron (III) nitrate precursor
Hydrated iron (III) nitrate shows high non-stability and tendency to absorb humidity from the air [61] . To ensure avoidance of the contact with the air, the best way is to prepare iron (III) nitrate directly from the elemental iron and nitric acid solution. In order to investigate behavior of measured magnetic field of the sample prepared by auto-catalyzed sol-gel synthesis with the usage of anhydrous iron nitrate (instead of nonahydrated iron (III) nitrate) as a precursor, the next procedure is performed: catalyst solution is prepared by the dissolving of iron (III) nitrate in water in molar ratio 0.007:1. Alkoxide solution is prepared by mixing tetraethyl orthosilicate (TEOS), ethanol (C 2 H 5 OH), and water in molar proportion 1:6:6. Mixed solutions are stirred for 5 h. Gelation takes place in 20 days. Gel is dried for 19 h at 80°C and afterward is annealed at 1030°C for 3 h.
Diffraction pattern of the sample is shown in Figure 5(a) . measurement of this sample is shown in Figure 5(b) . Interestingly, magnitude of the measured magnetic field of the sample was ~400 Oe. Since literature data showed that this Fe 2 O 3 polymorph is characterized by high H ci (10-20 kOe) [29] [30] [31] or by SPM behavior (H ci ~ 0 Oe) [33] , mentioned Hmeas value is not characteristic neither for high coercivity ε-Fe 2 O 3 nor for the SPM ε-Fe 2 O 3 phase. Moreover, obtained value is similar to the case presented in Figure 3(b) , where it is observed that the sample, containing the α-Fe 2 O 3 as a dominant phase, showed H meas ~ 600 Oe. It is important to notice here that an alcogel of the sample whose diffraction pattern is represented in the Figure 1(a) , performed to the thermal treatment under the similar annealing conditions, is characterized by the value of the measured magnetic field of 14.1 kOe, although hematite phase was presented as a dominant [59] . Further research of this sample will be performed by Mossbauer spectroscopy, in order to discuss the observed measured magnetic field behavior of the sample in detail.
Nano-hematite-based materials prepared by acid-catalyzed sol-gel synthesis
In order to investigate the influence of the catalyst in the sol-gel synthesis of hematite nanoparticles, a sample is synthesized by acid sol-gel synthesis route [62] . This synthesis method is similar to auto-catalyzed synthesis procedure, with the difference that nitric acid (HNO 3 ) is used as a catalyst. Tetraethyl orthosilicate, ethanol, iron (III) nitrate nonahydrate, and nitric acid were mixed in a molar ratio of 1:3:0.2:10. Solution is magnetically stirred for 1 h at room temperature. Gelation took place for 20 days. Obtained gel is dried at 80°C for 19 h, after which it is subjected to thermal treatment under the air atmosphere at temperature of 800°C for 2 h. 1(a) and 4(a) .
Corresponding hysteretic curves are shown in Figure 6(b) , pointing to the presence of hematite phase as the only iron oxide phase. Measured magnetic field of the α-Fe 2 O 3 /SiO 2 sample achieved the value of 114 Oe, which is ascribed to the coercivity of hematite nanoparticles. Accordingly, the presence of the catalyst enabling the accelerated formation of the hematite phase at lower temperatures (samples examined in Figures 1-4 revealed the appearance of hematite phase at temperatures higher than the sample presented at Figure 6 [59, 60] ). [27] . On the other hand, base-catalyzed synthesis in combination with inverse micelle method is characterized by the phase transformation route Fe 3 O 4 /γ-Fe 2 O 3 → ε-Fe 2 O 3 → α-Fe 2 O 3 and presents a highly reproducible method for synthesis of high-temperature nano-hematite particles. The influence of the post-annealing treatment onto the H meas value of the samples prepared by this type of sol-gel method is investigated in Ref. [63].
In the method described below, nano-hematite particles are obtained after post-annealing treatment of the samples prepared in base-catalyzed sol-gel synthesis in combination with the microemulsion method [64, 65] . Two identical microemulsions, containing water, cetyltrimethyl ammonium bromide (CTAB), buthanol, and n-octan, were mixed in a particular moral ratio. CTAB is an agent which facilitates formation of the matrix pores in the desired size [54] . Octan presents the solvent that enables the mixing of the reactants, while usage of alcohol of the somewhat longer chain (butanol) ensures a shortened time of the condensation reactions. In one microemulsion Sr 2+ is added, whose role is the acceleration of the particle growth along one crystallographic axis, resulting in the rod morphology of the nanoparticles [64] . In another microemulsion a base catalyst, ammonia, is added that possesses a significant role in the defining of the SiO 2 pore size. Mixing the microemulsions enables stirring of the solution. Afterwards, TEOS is added in the precise stechiometrical ratio. Gao et al. [66] confirmed that the ideal volume ratio of the TEOS and alcohol (desirable in order to shorten the gelation time) is 1:2, while the same effect is achieved by simultaneously mixing the TEOS and NH 3 in the volume ratio 2:5.
Variation of the sol-gel synthesis conditions: post-annealing treatment
Having in mind that the influence of the annealing conditions on the samples synthesized by this method is well-established in literature [64, 65] , obtained samples were performed to post-annealing treatment in order to investigate coercivity behavior of the samples post-annealed at low temperature (100°C) and high temperature (1100°C) [63, 67] .
The synthesis of the sample comprised the preparation of two identical micelles, consisting of CTAB, isooctane, butanol, and water in the molar ratio-0.03:0.33:0.12:1.00. Iron (III) nitrate (prepared by dissolving elemental iron in nitric acid and water) is added to the water in the molar ratio 0.00047:1. In the first micelles precursors of the iron and strontium ions in molar ratio 3:1 are added. In another micelle 0.09 mol of ammonia is added. After mixing the micelles, TEOS is dropped into the stirred solution (volume ratio of TEOS and ammonia was 4.5:1.7, while volume ratio of the TEOS and butanol was 4.5:10.7). Solution is stirred for 24 h. Afterward, precipitate is collected and treated with a chloroform and ethanol in order to wash organic moistures, attached to the surface of the precipitated nanoparticles. A coprecipitate has been annealed at 1050°C for 4 h. The same amounts of the sample are performed to the post-annealing treatment [63] .
Diffraction pattern of the sample post-annealed at 100°C is shown in Figure 7 (a) [67] :
The only noticed phase was the ε-Fe 2 O 3 phase. In order to examine its magnetic behavior, hysteretic curves are measured and shown in the Figure 7(b) [67] . Measured magnetic field of the sample was 1611 Oe. Literature data showed that obtained value is not exactly characteristic for epsilon phase coercivity, and it would be more appropriate to ascribe that H meas value to hematite phase, then for epsilon. According to Figure 7(b) and the literature data [67] , it can be concluded that post-annealing treatment at 100°C brings to the drastic drop of measured measured magnetic field value. Before post-annealing treatment, sample annealed at 1050°C for 4 h showed measured magnetic field value of 21.3 kOe [63], although the phase composition of the sample was the same [67] . This fact underlined that sharp changes in the H meas value of the nanocomposite samples prepared by sol-gel method could not be ascribed to Fe 2 O 3 polymorph transformations.
To get a better insight in the H meas variations initiated by post-annealing treatment, the piece of alcogel annealed at 1050°C for 4 h was performed to the postannealing treatment at 1100°C for 3 h [63]. [60] .
Figure 8.
Sample annealed at 1050°C for 4 h, post-annealed at 1100°C for 3 h: (a) diffraction pattern (letter "c" referred to cristoballite SiO 2 phase; letter "q" referred to quartz SiO 2 phase); (b) hysteretic curves [49] .
Preparation and Characterization of Fe 2 O 3 -SiO 2 Nanocomposite for Biomedical Application DOI: http://dx.doi.org /10.5772/intechopen.81926 that is quite similar to the measured value of the sample post-annealed at 100°C (H meas ~ 1600 Oe). Noteworthy, Figures 7(b) and 8(b) showed a similar values of measured magnetic field of the samples consisted of obviously different phases (Figures 7(a) and 8(a) ), pointing to the potential usage of the samples consisted of α-Fe 2 O 3 and ε-Fe 2 O 3 together (as in the case of "SPION" species), although this claim requires deeper investigation of magnetic properties of the samples.
Conclusively, it is important to notice that all hysteretic curves (except Figure 6(b) ), referring to the sample containing the only hematite phase, observed at lower temperature in comparison with the other investigated samples) could be classified as hysteretic loops having constricted middles (wasp-waisted loops). Generation of wasp-waisting curves appears as a result of two population of the particles characterized by distinct coercivity spectra; numerical simulations reveals that wasp-waisting curves requires and SPM contribution [68] , that is confirmed by Figures 4(b) and 1(b) [58] . Experimental results shown in Figures 2(a) and 3(a) revealed that the decrease of measured magnetic field value of the samples is not a certain parameter that indicates vanishing of the other iron oxide polymorphs and the presence of the pure hematite nanoparticles. Moreover, represented results pointed out that ε-Fe 2 O 3 → α-Fe 2 O 3 phase transformation cannot be the decisive factor on the coercivity value of the nanocomposite material (Figures 1-4) [58] . The variation of the initial iron ion precursor amount [60] enables the alteration of measured magnetic field value without changing the phase composition of the nanocomposite material. The usage of anhydrous Fe 3+ precursor and change of the precursor ratio during synthesis cause the significant alterations of the phase composition of the investigated samples and differences in H meas value (Figures 1 and 5) . Appearance of the catalyst accelerated phase transformations of the Fe 2 O 3 polymorph and favors the obtaining of the pure nano-hematite phase (Figure 6(a) ).
Noteworthy, nanocomposite samples containing different phase compositions could be characterized by a significantly similar measured magnetic field values. This is confirmed by examination of the samples prepared by auto-catalyzed sol-gel synthesis (Figures 3 and 5) and samples synthesized by base-catalyzed sol-gel method (Figures 7 and 8) . An observed feature is pointing to the fact that coercivity of the nanocomposite materials could not be mainly driven by the parameters α and β from Eq. (2). The results represented in this chapter indicated the necessity of taking other parameters [parameters: γ − κ, Eq. (2)] into consideration, in order to understand properly the coercivity behavior of nanocomposite materials.
TEM measurements
An important issue in the characterization of the nanoparticles presents transmission electron microscopy (TEM). In order to understand the distribution of nano-hematite particles, TEM micrographs of the chosen nanocomposite samples annealed at 1050°C, obtained by auto-catalyzed and base-catalyzed sol-gel synthesis routes, are shown in Figure 9(a) and (b) .
Detailed TEM analysis is given in Ref. [59, 63] . Quantitative description of morphological properties of the investigated particles is performed by measuring ellipticity. The results of the analysis showed that the shape of observed Fe 2 O 3 nanoparticles (ε-Fe 2 O 3 and α-Fe 2 O 3 ) varies from ellipticity to circularity. In other words, Figure 9 confirms the presence of nonideally spherical particles, whose shape deviates from circularity in a different measure [59] . Fe 2 O 3 particle sizes, presented in Figure 9(a) , are ranging between 10 and 20 nm, while the sample presented in Figure 9 (b) showed a wider particle size distribution, from 4 to 50 nm, and the same variations from ellipticity to circularity. Wide size distribution leads to the presence of different particle shapes during the annealing treatment, elliptic/spherical (Figure 9(a) ). This feature appeared as a consequence of the fact that sol-gel method consisted of coprecipitation of the particles within the SiO 2 pores (coprecipitated samples are characterized by wide particle size distribution) [53] . The best way to overcome the mentioned problem is the coating of the nanoparticles within the SiO 2 pores [69] .
Notwithstanding, a significant difference between micrographs is the presence of nanorod particles within the sample synthesized by base-catalyzed sol-gel synthesis (Figure 9(b) ). Rod-like morphology appeared as a consequence of the participation of group II element, Sr 2+ , in the synthesis procedure (Figure 9(b) ). The addition of Sr 2+ ions accelerated the growth of the ε-Fe 2 O 3 particles in one crystallographic axis [63], inducing more pronounced shape variations and formation of rod-like nanoparticles. If we recall the fact that TEM image shown in Figure 9 It is important to note that the origin of dependence of H meas behavior on the synthesis conditions of the samples investigated in this chapter is found in quantum mechanics.
Briefly, the quantity that strongly affects the shape of hysteresis loop is magnetic anisotropy [parameter ι, in Eq. (3)]. For the most simplest case, in crystal systems whose symmetry is determined by a single axis of high symmetry (uniaxial symmetry), anisotropy energy is defined as:
where K is the anisotropy constant, V is the volume, and θ is the angle between two spins with respect to each other [17] . The overall magnetic anisotropy energy is dependent on the symmetry of the investigated systems and defined by various contributions, such as magnetocrystalline anisotropy, shape anisotropy, surface anisotropy, strain anisotropy and stress anisotropy.
Anisotropy energy appeared as a consequence of spin-orbit interaction and the partial quenching of the angular momentum [17] . From the aspect of nanomaterial preparation and dependence of samples of magnetic properties on synthesis conditions (annealing temperature and time), it is important to emphasize that the anisotropy constant is strongly temperature dependent [17] . Independent of the presence of the same or different iron oxide polymorph phases within the sample, differences in the structure and morphology characteristics of each individual nanoparticle resulted in the changes in a magnetic anisotropy.
Noteworthy, alteration of the SiO 2 matrix during the annealing treatment impacts magnetic properties of the samples [59] . Gas diffusion in the SiO 2 matrix, Preparation and Characterization of Fe 2 O 3 -SiO 2 Nanocomposite for Biomedical Application DOI: http://dx.doi.org /10.5772/intechopen.81926 initiated by thermal treatment, caused the crystallization of the amorphous matrix and changes in the size of the pores. Coalescing of the pores resulted in the alterations of the distance between magnetic nanoparticles within the pores [59] , consequently influencing the magnetic behavior of the samples.
Conclusion
The main message of this chapter was to emphasize the importance of the investigation of the influence of the synthesis parameter variations onto the magnetic properties of the composite materials containing nano-hematite particles that could be used as a starting material for preparation of multifunctional nanoparticles, used in different areas of biomedicine. Since coercivity field presents a parameter of importance for application of this type of materials, alterations of measured measured H crit value, initiated by changing the synthesis parameters, are discussed. To get a better insight into relation between synthesis conditions and magnetic properties of composites containing α-Fe 2 O 3 nanoparticles, sol-gel synthesis is recognized as a suitable preparation method. Alterations of measured H crit value of the samples are driven by the variation of the pH of the performed sol-gel synthesis (auto-, acid-, or base-catalyzed), initial Fe 3+ and Si 4+ precursor ratio, amount of the iron precursor, and annealing conditions (T and t) and by performing postannealing treatment. The author expected that this chapter will facilitate a current and objective evaluation of the knowledge regarding the search for the exact mathematical expression of the measured intrinsic coercivity field value of the composite nanomaterials containing nano-hematite phase, which is of significance for improvement of the preparation of a high-quality nano-α-Fe 2 O 3 particles for biomedical application. nanoreactors, drug delivery and lithiumion batteries. Chemical Communications. 2011;47 (47) :12578-12591
